Hydrogen reduction of the nickel oxide under high pressure up to 31 atm was studied at 200, 220 and
I. Introduction
Almost all operations and researches relating to process metallurgy have been carried out at atmospheric or reduced pressures. However, the operation of the blast furnace using more than 1 atm has recently been employed, with a significant increase in producibility of pig iron, that is a remarkable effectiveness of high pressure on the reaction rate.
In the field of nonferrous process metallurgy, a technique of high pressure has been applied almost exclusively to pressure leaching using an autoclave.
In order to apply this method to the pyrometallurgical process and to clarify the advantage of its application, the reduction of metal oxides in hydrogen at high pressures has been investigated. This report deals with the reduction of nickel oxide (NiO), because it is reducible at a relatively low temperature and its reaction has no intermediate oxides. The hydrogen reduction of nickel oxide is used for production of Nickel Oxide Sinter 90(1) containing about 90% Ni as a source material for high-carbon alloyed steel or nickel casting. Therefore, it is one of the most important reactions in the field of nickel metallurgy.
Hougen et al.(2) studied the reduction of nickel oxide pellets in hydrogen at pressures up to 5 atm, but the main purpose of their study seems to clarify the reaction mechanism, so the effect of increased pressure was not tested systematically. In the present work, the effect of high pressure was studied over a wide pressure range of 1 to 31 atm using oxide powder and a horizontal electric furnace.
II. Experimental Procedures

Tested materials
Nickel oxide powder, minus 200 mesh and green in purity was more than 99.85% and the mean diameter the subsieve sizer. Commercial cylinder hydrogen was used without purification, but its composition of 99.99 % H2, 0.023mg/L H2O, 0.0002% O2, 0.039% N2 and 1.4ppm oil indicates a sufficiently high purity for this experiment.
2. Experimental apparatus Figure 1 shows the experimental apparatus consisting of a horizontal furnace to be filled with hydrogen of high pressure and a magnetic device for transfer of the sample. A kanthal heater was set inside of the steel cylinder, and the lids of both ends and the cylinder wall were cooled by water. The reaction tube was a highalumina pipe, 23mm in inner diameter and 600mm in length.
The setting of the sample was made by means of a rotating magnet and a screw turned by a handle, and its position was decided by the rotating number of the counter.
The temperature was measured by a chromel-alumel thermocouple inserted into the reaction zone. The experimental apparatus was designed to be durable against more than 50atm, although the experiment was performed up to 31 atm.
Experimental procedures
After weighing out accurately 0.5g of nickel oxide, it was spread flatly in a silica plate set in a stainless steel dish and connected to the transfer device.
The furnace was then sealed, evacuated, and hydrogen was fed slowly.
The desired pressure and flow rate of hydrogen were obtained by controlling with the inlet and outlet valves, and the temperature was brought up to a desired level.
After that, the sample was transferred to a uniform temperature zone and reacted for a specified time and moved to the cooling part.
After complete cooling, the sample was taken out and weighed to calculate the reduction ratio.
In addition, the temperature gradient between the reaction zone and the cooling part of the furnace became steep as the hydrogen pressure and flow rate increased, so the position and length of the uniform temperature zone varied. This tendency was not,,,so remarkable at were set within the uniform temperature zone according to the preparative test. Figure 2 shows the fractional reduction of nickel hydrogen.
various flow rates of hydrogen.
As shown in this figure, the reduction rates under the flowing condition of 1 to 10L/min nearly lie on the same curve and the influence of the flow rate is not found. Since the temperature control becomes difficult at a larger flow rate of hydrogen, the rate was fixed at 1L /min throughout the experiments that followed. In this case, it is considered that the water vapor can be trapped in the cooled part or removed rapidly out of the reaction zone. respectively. In all cases, the experimental points could be plotted approximately on the sigmoid curves. As the hydrogen pressure increases, the effectiveness of pressure such as shortening of the incubation period and an increase in reduction rate could be found. After incubation, the period in which the reduction reaches a maximum rate (point of inflection of sigmoid curve) is usually called an induction period. It corresponds to the period in which metal nuclei appear on Yamaguchi et al. (6) described that the induction period required to take about 30% of reduction in the case of nickel oxide powder and its rate was shown to be proportional t(4).
In the present work, the induction period was also shortened with increment in pressure.
The process after the induction period is considered to be controlled by a mixed reaction consisting of chemical reaction at the metal/oxide interface and gaseous diffusion through the metal layer formed. In the case of the fine powder, the former is generally considered to be a dominant rate-determining process.
Yamaguchi et al. (5) reported that the interface reaction was rate-determining in the main period ranging from about 30 to 70%, and the relation between fractional reduction R, reaction time t (min) and apparent reduction rate constant K (min-1) could be given by (1) Therefore, the relation of {1-(1-R)1/3}:=Kt vs. t was checked on the experimental points shown in Fig. 3 to Fig. 5 . Figure 6 shows an example of the relationship As indicated in this figure, the linear condition of eq. (1) is satisfied from about 30 to 80% reduction under the tested pressures. From the slopes of these straight lines the apparent rate constant K (min-1) could be obtained at each experimental temperature and pressure.
The resultant relation between reduction rate and hydrogen pressure is indicated in Fig. 7 . The effect Fig. 6 Relationship between 1-(1-R)1/3 and reduction of hydrogen pressure is remarkable up to several atmospheric pressures, and it shows a tendency to saturation at higher pressures.
Furthermore, the effect is remarkthis result suggests that the reduction should be carried out practically at higher temperature as at well as at proper high pressure. The above relation could be expressed by the equation similar to that of Langmuir's adsorption isotherm:
(2) Equation (2) is transformed to K/Pu2=a-bK, and it gives a straight line graphically. Therefore, a and b were obtained from the intercept with theordinate and the gradient of the line, respectively, by the method of least squares. Furthermore, alb corresponds to the maximum rate, Kmax, when the hydrogen pressure increases extremely. Table 1 shows the values of above mentioned a, b and Kmax. Table 1 The values of the coefficients a and b in eq. (2), and the maximum reduction rate Kmax which is equal to a/b under an extremely high pressure.
Then the change of the surface figures of the sample was observed by means of a scanning electron microscope.
Photograph
1 shows the figure of the original oxide powder. Each particle of nickel oxide is constructed from the dense assembly of many fine cubic-like crystals Photograph 2 is the surface figure of the 3% reduced particle. As shown in this figure, there are many cubic-like crystals similar to that of Photo. 1, whereas the reduced part is observed as an assembly of several deformed globular grains.
In the present work, a 4% brom-methanol solution was used as an etching reagent to dissolve only metallic nickel.
Photo. 1 Initial surface figure of a particle of the original oxide powder.
Photo. 2 Surface figure of the 3% reduced particle with H2.
Photo. 3 Etched figure of the 3% reduced particle by 4% brom-methanol.
Photograph 3 shows the etched figure of the 3% reduced particle. In this figure, there are no globular grains shown in Photo. 2, while the surface is dotted with particular dark grey spots. These dark grey spots are the traces of the dissolved nickel grains. Furthermore, these dissolved metal grains can be considered metallic nuclei formed in the incubation and induction periods, from which the reaction proceeds to the adjacent oxide crystals.
In addition, an assembly of fine metallic grains, that
Photo. 4 Etched tigure of the SUyo reduced particle.
Photo. 5 Etched figure of the 87.5% reduced particle.
Photo. b ourface figure of the 100% reduced particle.
is sometimes called island, increased in number in the etched sample of about 10% reduction. Then these islands finally connect with each other and form a metallic layer wrapping the unreacted oxide.
Photograph 4 shows the etched figure of 50% reduced particle.
It is found that the nickel oxide was wrapped in the above-mentioned metallic layer and a topochemtical reaction occurred because the surface is not so rough.
Photograph 5 is the etched figure of the 87.5% reduced sample. Several deep and relatively large pores are found in the sample, so it seems that topochemical reaction in a strict sense does not take place in the final period. Photograph 6 shows the surface figure of a 100% reduced particle. It consists of many deformed globular grains changed from fine cubic-like crystals. Moreover, the etched figure of the completely reduced particle (weightloss: 20%) also showed a similar appearance to that in Photo. 6. Since there are many small cavities in the reduced part, it is reasonable to say that the gaseous diffusion is not disturbed.
IV. Discussion
Nucleation of metal and its growth
The formation and growth of metal nuclei in the incubation and induction periods have been assumed in the previous reports, but this has scarcely been verified by observations.
The scanning electron micrographs in the present work showed the above assumption concretely, suggesting the complexity of the final period of the reduction. However, it may be considered that the topochemical reaction takes place in the main reaction period, namely after the formation of a thin metallic layer on the oxide particle.
Mine, Tokuda et al.(6) also examined the reduction of an oxidized nickel plate with hydrogen and described the lack of the incubation period and the temperature dependency of the shape of the pores. Since the experimental condition is different from each other, it will be necessary to reconsider the various problems which have been observed.
Hydrogen reduction of oxide on the topochemical model
Hougen et al. C* reported that the reduction took place as a simultaneous occurrence of the reactions between the nickel oxide and hydrogen adsorbed on it and between the nickel oxide and hydrogen adsorbed on the formed metal. In this report, the former was proportional to P0.43H2 and the latter to P0.05H2, but its treatment was rather based on a homogeneous reaction. However, in the case of the reduction of oxide, it may be more reasonable to discuss it in terms of the heterogeneous mechanism.
According to the model of a topochemical reaction often used for the gas/solid reaction, the overall reduction rate is considered by a mixed process; one is gaseous diffusion through the gas film on the particle and also the metal layer formed on the surface, and the other is a chemical reaction at the metal oxide interface.
In case of the gaseous diffusion control, the coefficient of molecular diffusivity decreases in inverse proportion to pressure, so that the product of hydrogen pressure by the coefficient of diffusivity becomes constant and the reduction rate comes to be independent of pressure.
As for the surface reaction control, if the adsorbed hydrogen react with the oxide at the interface, the rate will increase while the amount of adsorbed hydrogen increases with pressure and becomes constant at saturation.
Mckewan examined the reduction of magnetite (7) and hematite(8) pellets in hydrogen at high pressure and explained the trend toward saturation in rate using the saturated adsorption of hydrogen at the FeO/Fe interface.
Warner(9) discussed the reduction of iron oxide pellets in case of the mixed reaction control and explained the trend toward saturation in rate from the increased factor due to gaseous diffusion at high pressures.
In the present work, an experiment was made under the flowing condition in which gaseous diffusion through the film can be neglected. Therefore, as the reduction is considered to be a process in which the interface chemical reaction and the equimolar diffusion of hydrogen and water vapor through the metal layer take place successively, the overall reaction rate is given by where k is the specific rate constant on the reacting surface, De is the effective diffusivity of the gaseous reactant through the metal product layer, r0 and d0 are the initial radius and density of the oxide particle, respectively, C0 is the concentration of hydrogen in the bulk gas phase and C* is the equilibrium concentration of hydrogen at the reacting interface. Effects of the chemical reaction and the gaseous diffusion may be evaluated by the magnitude of r0k/D, while the resistance due to diffusion is considered negligible below 50 mesh powder(10). Then, if the second term on the left side in eq. (3) is eliminated and all coefficients in the both sides are represented by K except t, eq.(3) becomes eq. (1) which satisfied the experimental data.
Therefore, the factor of gaseous diffusion can be neglected in our tested powders of less than 200 mesh.
Treatment in terms of absolute reaction rate theory and various kinetical values
As mentioned above, the relation between rate constant K obtained from eq.(1) and hydrogen pressure was given by eq. (2) similar to the type of Langmuir's adsorption isotherm. Therefore, K may be discussed according to the theory of absolute reaction rate assuming the adsorption equilibrium of hydrogen at the Ni/ NiO interface.
In the rate determining step, the hydrogen molecule reacts with the reacting site on the oxide and the resul- tant activated complex decomposes and converts to a product:
Providing that CH2 is the concentration of hydrogen per cubic cm, Cs is the number of the reacting site per sq cm, C* is the number of the activated complex per the activation entropy which are the enthalpy and entropy required for the reacting gas to reach the activated state for the reaction, respectively. Hence K* in eq. (4) can be written as follows:
Furthermore, the reaction rate v in the rate-determining step (5) becomes (7) where k and h are Boltzmann's and Planck's constants, respectively.
In addition, hydrogen molecules in the bulk gas phase and adsorbed sites are in equilibrium. Assuming that are the enthalpy and entropy for adsorption, respectively, the equilibrium constant for adsorption, Ka, is given by (8) The total number of .active surface sites, L, is (9) Therefore, Cs can be derived from eq. (8) and eq. (9). (10) Introducing eq. (10) into eq. (7) and expressing CH2 and Ka in units of atmospheric pressure, and furthermore upon writing PH2/kT for CH2 according to gas law, eq. (7) becomes (11) Rate constant K (min-1) in eq. (2) is the specific rate constant per min. So multiplying both sides of eq. (2) by transfer coefficient z to change it into the unit of v in eq. (11), that is the number of oxygen ion reacting per sq cm per sec, eq. (2) and eq. (11) can be corresponded to each other. Then (12) (13) (14) where z is equal to r0d0NA/60M in which M(=74.7) is the molecular weight of NiO, d0=7.45g/cm3 is the density of NiO and NA is the Avogadro's number.
Furthermore, within a small hydrogen pressure, eq. (11) may be represented by the following eq.(15) which is proportional to PH2, and eq. (11) is further expressed by eq.(16) at the infinite pressure, namely independent of pressure.
(15) (16) Equation (16) indicates the reduction rate in which the reacting sites is completely covered with adsorbed hydrogen, and it corresponds to the maximum velocity Kmax written in Table 1 . In this condition, if the activation enthalpy and entropy for the equilibrium between adsorbed molecules and activated complexes are given by (17) Consequently, the tendency toward saturation in reduction rate at high pressures can be explained by the theory of absolute reaction rate assuming the adsorption equilibrium of hydrogen at the reacting interface lying between the initial and final systems in eq. (4).
Furthermore, the straight line was drawn using relain eq. (8) were estimated to be -5.5kcal/mol and -13.4 e.u., respectively, from the gradient and intercept with the ordinate.
kcal/mol from the temperature dependence of a/T, and from the temperature dependence of Kmax/T.
In addition, as the reacting site can be considered the oxygen ion of the oxide surface, its total number L is (13) and (17) and the above-mentioned activation enthalpies J H', , J H'. These values approximately satisfy the relations, and which are able to be derived from egs. (17), (16) and (8).
Considering the adsorption enthalpy of -5.5kcal/mol and the entropy of -13.4 e.u., its type may be Van der Waals' adsorption and the adsorbed molecule is mobile on the reacting surface(11).
Furthermore, the Arrhenius energy for activation was found to be 16.4kcal/mol using K obtained from the assumption of PH2=1 in eq. (2) (1) The effect of pressure was found in the shortening of incubation and induction periods as well as the increase of rate in the main reaction period for more than 30% reduction. The rate in the main reduction period increased significantly up to several atmospheric pressures and it showed three times larger at 10 atm, whereas the tendency toward saturation was observed at higher pressures.
(2) From the practical standpoint, the reduction should be made rather at higher temperature and within several atmospheric pressures.
(3) The relation between apparent reduction rate K (min-1) and hydrogen pressure could be expressed by Langmuir's type equation K=aPH2/1+bPH2, and the (4) The trend toward saturation in reaction rate at higher pressures could be explained by the theory of absolute reaction rate assuming the adsorption equilibrium among the reactants.
(5) Scanning electron micrographs of the samples showed the initial formation and growth of metal nuclei, wrapping of the unreacted oxide core, formation of pores in the final stage of the reduction, and a porous structure of the reduced metal.
